anchoring molecule, DLG, can also be assumed to affect over, expression of site-directed dlg mutants that plasticity. However, the requirements for synaptic localblocked or mimicked phosphorylation had effects simization of DLG are mostly unknown. ilar to those observed upon inhibiting or constitutively Recent in vitro studies point to palmitoylation as one activating CaMKII. We propose that CaMKII-depenmechanism by which the association of PSD-95 with dent DLG phosphorylation regulates the association the plasma membrane is controlled (Topinka and Bredt, of DLG with the synaptic complex during development 1998). The cysteine residues that become palmitoylated and plasticity, thus providing a link between synaptic in PSD-95 have also been implicated in the head-toactivity and structure. , 1985) . The kinase is
regulated by intracellular calcium levels and autophosphosphorylation of DLG is responsible for regulating the association of DLG with the synaptic complex and phorylation. At resting conditions (low intracellular calcium), CaMKII is inactive due to the interaction of an thereby its ability to cluster and target synaptic components. This model provides a mechanism for the dyautoinhibitory domain with the catalytic part of the enzyme. Peptides corresponding to this autoinhibitory donamic regulation of synapse assembly by neuronal activity. main can operate as exogenous inhibitors of CaMKII Soderling, 1993) . When calcium is elevated, Ca 2ϩ /calmodulin disrupts the interaction of the Results autoinhibitory and catalytic domains and allows the kinase to phosphorylate itself and exogenous substrates.
DLG and CaMKII Are Associated in a Synaptic
Protein Complex In this state, the kinase autophosphorylates a highly conserved threonine residue within the regulatory doWe used antibodies against Drosophila CaMKII to determine its distribution at the larval NMJ. CaMKII was localmain (T286 in mammals and T287 in the fly). This weakens the ability of the autoinhibitory domain to suppress ized at wild-type NMJs around type I synaptic boutons in a pattern similar to DLG ( Figure 1A ). Double labeling activity, and the kinase becomes Ca 2ϩ independent with up to 80% of maximal activity (Hanson and Schulman, with anti-DLG revealed that DLG and CaMKII were colocalized at bouton borders ( Figure 1A , A1 and A2). In 1992). This transformation of a transient calcium signal into a longer lasting change in enzyme activity has led to addition, transgenic CaMKII was targeted to synaptic boutons, as visualized by increased immunoreactivity models in which CaMKII is centrally involved in synaptic plasticity (Miller and Kennedy, 1986; Lisman, 1994) . levels at NMJs upon expression of a CaMKII transgene in both motor neurons and muscles by using by immunoprecipitation experiments that demonstrated that both proteins exist in the same complex in body CaMKII in behavioral and synaptic plasticity. In this paper, we use these transgenic flies to examine the conwall muscles ( Figure 1C ). When anti-CaMKII was used for immunoprecipitations of body wall muscle extracts, sequences of altering CaMKII activity on synapse structure.
DLG coimmunoprecipitated from wild-type, CaMKII ϩ , or CaMKII-T287D overexpressing extracts ( Figure 1C , lanes We find that constitutive CaMKII activation at motor neurons and postsynaptic muscles leads to dramatic 1, 3, and 4) but not from extracts immunoprecipitated with preimmune serum (lane 2). Moreover, transgenic DLG changes in synaptic structure, similar to those encountered in dlg mutants. This activation also leads to expressed in dlg X1-2 mutants was also coimmunoprecipitated by CaMKII (lane 5). Thus, DLG and CaMKII are extrasynaptic DLG localization and, consequently, to reduced levels of synaptic Fas II. Biochemical and anaclosely associated at type I NMJs. tomical analysis of flies carrying mutations in a conserved CaMKII phosphorylation consensus sequence in Constitutive Activation of CaMKII Alters Synaptic Bouton Structure a dlg transgene suggests that the changes in synaptic structure are mediated by direct phosphorylation of To determine the role of CaMKII in the development of NMJ structure, we modified CaMKII activity in subsets DLG. We propose a model by which CaMKII-dependent was less evident (Figures 2C and 2D) . In contrast, expression of wild-type CaMKII, CaMKII-T287A, or Ala had no significant effect (not shown).
The cell adhesion molecule Fas II is highly concentrated at type I boutons ( Figure 2E ; Schuster et al., 1996a; Thomas et al., 1997b). The distribution of Fas II was also altered in CaMKII-T287D larvae. Similar to the situation at dlg X1-2 mutant NMJs (Thomas et al., 1997b), Fas II signal was low and dispersed in an abnormally wide area around boutons ( Figure 2G ). This phenotype was not observed when wild-type CaMKII was overexpressed at these NMJs ( Figure 2H ). The EM analysis also revealed that larvae expressing In another variant, substitution of the same threonine the Ala peptide, in which endogenous CaMKII activity residue by alanine (CaMKII-T287A) blocks autophosis reduced, had a significant alteration in bouton ultraphorylation, making the kinase exclusively Ca 2ϩ depenstructure ( Figure 3D ), even though gross morphological dent. We also partially inhibited endogenous CaMKII differences were not observed at the light microscopic activity by expression of an autoinhibitory peptide (Ala; level (but see Table 1 ). In these boutons, the SSR Griffith et al., 1993). appeared more extensive than wild type, measuring Synaptic structure was dramatically altered in flies 73.2 Ϯ 8.2 m Ϫ1 -49% longer than wild type (Figure 4 ; expressing CaMKII-T287D at both pre-and postsynapp Ͻ 0.001). However, the number of active zones in Ala tic sites (Figure 2 ). Unlike wild-type NMJs (Figure 2A) (Figure 2A) . In CaMKII-T287D lead to an effect that is similar to that of overexpressing larvae, synaptic boutons were conglomerated in a DLG at the NMJ-an overdeveloped SSR (Budnik et al., 1996). smaller area and the beaded appearance of the junction 
Constitutive Activation of CaMKII Alters Synaptic

Constitutive CaMKII Activation Leads to Abnormal
An opposite phenotype was observed when CaMKII activity was inhibited by expressing the Ala peptide (FigLocalization of DLG at the Synaptic Membrane The above observations, together with the demonstraure 5C). At these NMJs, DLG immunoreactivity was consistently increased at synaptic boutons with respect to tion that CaMKII and DLG exist in the same complex, suggested that CaMKII might be involved in the DLGwild type and larvae expressing wild-type CaMKII controls. In addition, no increase in extrajunctional DLG was dependent regulation of synapse structure. This possibility was further explored by examining the distribution observed (Table 1) . Taken together, the delocalization of DLG by constitutive activation of CaMKII and the of DLG at NMJs of larvae with altered CaMKII. CaMKII phosphorylation regulates the association of larvae with altered CaMKII activity are due to direct phosphorylation of DLG, we generated transgenic flies DLG with the synapse and therefore its clustering function. This regulation may be the result of direct phoscarrying dlg transgenes tagged with enhanced green fluorescent protein (eGFP). Three different variants of phorylation of DLG by CaMKII. To test this hypothesis, we performed in vitro phosphorylation assays. In addithe eGFP-dlg transgene were used: wild type (eGFPdlg-S48S), a mutant form in which S48 was substituted tion, we examined the in vivo distribution of transgenic DLG variants in which a putative CaMKII phosphorylaby aspartate to mimic phosphorylation (eGFP-dlg-S48D), and a mutant form in which S48 was substituted tion site is missing or whose phosphorylation is mimicked.
by alanine to block phosphorylation (eGFP-dlg-S48A). These dlg transgenes were expressed in dlg X1-2 mutant Several CaMKII phosphorylation consensus sequences are distributed throughout the DLG protein. However, a body wall muscles using the BG487 or the daughterless (da) GAL4 drivers (Thomas et al., 1997a). The localization perfectly conserved site in all MAGUKs is an RGNS motif present at the beginning of PDZ1. We therefore generof DLG at the body wall muscles was directly visualized as GFP fluorescence in fixed preparations simultaneated purified DLG fragments spanning PDZ1 (amino acids 31 to 102) or PDZ1-2 (amino acids 39 to 251), as ously processed for eGFP imaging. Figure 7 shows images of eGFP fluorescence at NMJs that were obtained well as a fragment spanning the GUK domain (amino acids 764 to 960; Woods and Bryant, 1991), which conby confocal microscopy using the same settings for each genotype. We found that the eGFP-DLG-S48S sigtains a nonconserved CaMKII site, for in vitro phosphorylation assays using recombinant fly CaMKII (R3 isonal was strongly localized at synaptic boutons ( Figure  7A ). In addition, very weak but detectable fluorescence form; Griffith and Greenspan, 1993). Moreover, we used site-directed mutagenesis to substitute the conserved was observed along the muscle membrane and cytoplasm ( Figures 7A and 7B) . In striking contrast, eGFPtarget serine (S48) to alanine (S48A) or aspartate (S48D) to block phosphorylation. We found that PDZ1 and DLG-S48D fluorescence was comparatively weak and diffusely localized at synaptic boutons but strong in PDZ1-2 fragments were indeed phosphorylated by fly CaMKII (Figure 6 ) with a stoichiometry of 0.6 and 0.95 extrasynaptic regions of the muscle surface and cytoplasm ( Figure 7C ). The localization of eGFP-DLG-S48A mol phosphate/mol DLG fragment, respectively. Moreover, substitution of S48 by alanine or aspartate virtually also differed somewhat from wild-type eGFP-DLG. In eGFP-DLG-S48A, fluorescence was strong at synaptic eliminated phosphorylation. In contrast, the GUK domain fragment was not phosphorylated by CaMKII (not boutons but virtually undetectable over the muscle surface ( Figure 7D ). Similar results were observed with two shown).
The above results show that CaMKII is capable of or more independent transformant strains for each of the eGFP-dlg transgenes. The difference in DLG distridirectly phosphorylating DLG. To further test the hypothesis that the changes in DLG distribution observed in bution in the eGFP-DLG variants was not likely to result Figure 7G ). Thus, mimicking DLG mutants and larvae expressing constitutively active CaMKII. We therefore coexpressed CaMKII-T287D tophosphorylation changes the distribution of DLG from primarily synaptic to extrasynaptic, and blocking phosgether with eGFP-DLG-S48A or eGFP-DLG-S48S in phorylation strongly restricts DLG localization to the dlg X1-2 mutant larvae. As predicted, eGFP-DLG-S48A synaptic region.
was found in tight association with the synaptic membrane even when CaMKII-T287D was simultaneously expressed ( Figure 7F ). In contrast, an intermediate phenotype was observed when CaMKII-T287D and eGFP-DLG-S48S were coexpressed ( Figure 7E ). Although some of the eGFP signal was found to be associated with synapses, a considerable portion was also found dispersed around the boutons and on the muscles. These observations provide compelling evidence for specific CaMKII-dependent regulation of DLG localization at the NMJ. EM analysis of dlg X1-2 synapses expressing eGFP-DLG-S48A demonstrated that this dlg transgene completely rescued the ultrastructural defects (Figure 4) . Consistent with its unaffected localization, eGFP-DLG-S48A retained its rescue activity when CaMKII-T287D was simultaneously expressed at postsynaptic muscles of dlg X1-2 (Figure 4 ). ., 1997b ) was of SSR segments, which were then added to obtain the total crossobtained by PCR using a dlg-A cDNA or a Fas II cDNA as a template. sectional SSR length. To determine the cross-sectional area of the Fragments were subcloned into the pET expression vector and reboutons, the presynaptic terminal (at the bouton midline) was traced combinant protein purified as above used for immunization of rabas above and the area determined by using NIH Image software. bits or rats. The specificity of the sera was determined by Western The number of active zones was determined by counting the number blot analysis of recombinant protein and body wall muscle extracts. of electron-dense "presynaptic T bars" at the bouton midline. At Anti-CaMKII serum was generated by using a GST fusion protein least four different preparations for the morphometric analysis of containing the catalytic domain of Drosophila CaMKII. Rabbits were each genotype were used. The number of synaptic boutons anaboosted with a histidine-tagged R3 catalytic domain. lyzed in each case are 12 boutons in wild type (Canton-S), 19 in dlg X1-2 , 17 in CaMKII ϩ larvae, 23 in CaMKII-T287D larvae, 22 in CaMKII-T287A larvae, 18 in Ala larvae, 18 in dlg X1-2 eGFP-dlg-S48A, Acknowledgments and 11 in dlg X1-2 eGFP-dlg-S48A CaMKIIT287D.
Discussion
at NMJs expressing (A and B) eGFP-DLG-S48S, (C) eGFP-DLG-S48D, (D) eGFP-DLG-S48A, (E) eGFP-DLG-S48S and CaMKII-T287D, and (F) eGFP-DLG-S48D and CaMII-T287D. Note that in wild type, fluorescence is concentrated at NMJs, while in eGFP-DLG-S48D flies, fluorescence is strong in muscle but is still detected, although diffuse, at NMJs. In eGFP-DLG-S48A, all of the eGFP signal is observed at the NMJ, with virtually no detectable signal at muscle. (G) Compare to (B) the Western blot analysis of eGFP-DLG protein expressed in wild-type body wall muscle extracts and probed with anti-GFP (top) or anti-DLG (bottom) antibodies. Transgenic eGFP-DLG bands are indicated by the green arrowheads and can be distinguished from endogenous DLG (black arrowhead) because of the increased molecular weight due to the eGFP fusion. Note that the three transgenic stains (eGFP-DLG-S48S, eGFP-DLG-S48A, and eGFP-DLG-S48D) show comparable amounts of transgenic protein, although eGFP-DLG-S48D shows slightly higher levels. Bar is 12 m in (A) and (B) and 140 m in (C) and (D). Molecular weights are in kDa. (H) Model of the regulation of synaptic DLG distribution by
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